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1. INTRODUCTION

Clay minerals are intensively utilized in a wide range of
applications such as ceramic products, drilling fluids, molding
sands, paints and paper industry.1,2 Among the clay minerals,
bentonite, a smectite type clay mineral, has attracted much at-
tention because of its unique swelling ability, ion-exchange
capacity, and rheological properties. In particular, the rheological
properties of bentonite suspensions have been considerably
studied. The most important factor to directly control viscosity,
storage and loss modulus of clay suspensions is interparticle
interaction. Plate-like clay particles are connected each other in
the fluid through several modes: edge-to-face (E�F), edge-to-
edge (E�E), and face-to-face (F�F) type coagulations of clay
particles. A driving force of E�F type coagulation is an electro-
static force resulting from the negatively charged surface and the
positively charged edges (E�F). Attraction between adjacent
platelets by van der Waals forces leads to E�E or F�F type
coagulation. To modify interparticle interaction, researchers have
changed the ionic concentration3�6 and pH7�9 of the fluids. Ad-
ditives such as organic surfactants,10�12 polymers,13�15 and nano-
particles16,17 have been also added to the fluid as thickening agents.

Intercalation of nanoparticles into the interlayer space of clay
can endow new functional properties to clay. Native clayminerals
normally bind Na+ and Ca+ cations in the intragallery exchange

sites. The replacement of the small cations by larger, more robust
polycations and the subsequent thermal treatment transform the
clay to the pillared clay. Inorganic pillared interlayered clays
(PILCs) embedding Fe2O3, Al2O3, ZrO2, TiO2, ZnO, SiO2�
Al2O3, Al2O3�Cr2O3, SiO2�TiO2, and SiO2�CoO nanoparti-
cles have been successfully synthesized.18�24 They are used in
catalytic reaction, water purification, and sorption-based chemi-
cal separation.25�27 However, the effect of these nanoparticles-
intercalated clay particles as additives on the rheological proper-
ties of clay suspensions has not been investigated.

The objective of this work is to introduce effect of nanopar-
ticles intercalated clay hybrid particles on montmorillonite sus-
pensions and specific effect of pH on surface charging of mont-
morillonite suspensions containing clay hybrid particles. To the
best of our knowledge, in a recent work, only the heterocoagula-
tion process between montmorillonite and nanoparticles has
been extensively studied, which reported the interaction of clay
particles with oppositely charged inorganic oxide nanoparticles.16,17

In this paper, two different types of hybrid materials, iron
oxide-clay hybrid (ICH) and Al2O3�SiO2-clay hybrid (ASCH)
were studied. We synthesized the hybrids and investigated
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their structural characteristics. In addition, we explored the
effect of added hybrid particles on the rheological behavior
of bentonite suspensions as a function of surface charge. Also,
viscosity of prepared bentonite suspensions containing hybrid
particles is examined in a high-temperature and -pressure
environment.

2. EXPERIMENTAL PROCEDURE

2.1. Materials and Chemicals. Na+�montmorillonite (Kunipia
F, Kunimine Corp.) was used as starting material to fabricate metal oxide
nanoparticle�clay hybrid particles. A chemical formula of Kunipia F is
Na0.35K0.01Ca0.02(Si3.89Al0.11) (Al1.60Mg0.32Fe0.08)O10(OH)2 3nH2O and
its cation exchange capacity (CEC) is 100 mequiv/100 g. Embedded
nanoparticles were synthesized from FeCl3 3 6H2O, AlCl4 3 6H2O, Si-
(OC2H5)4, and NaOH, which were obtained from SigmaAldrich and
J.T. Baker. Aqueous clay fluids were prepared by mixing hybrid particles
and bentonite (H2Al2O6Si, CAS 1302�78�9, SigmaAldrich).
2.2. Synthesis of Nanoparticle�Clay Hybrids. In this study,

two different types of nanoparticle�clay hybrid particles were prepared
through the intercalation ofmetal polycations into the interlayer space of
the clay and the subsequent thermal annealing. A detailed synthesis
process of the hybrid particles is as follows.
2.2.1. Iron Oxide Clay Hybrid (ICH) Particles. Iron oxide clay hybrid

(ICH) particles were synthesized following the procedure that was
precisely described elsewhere.18 Fe polycation solution was prepared by
dissolving an aqueous solution of 0.2 M FeCl3 3 6H2O and that of 0.4 M
NaOH at 70 �C. An intercalation process was carried out by mixing
Fe polycation solution withNa+- montmorillonite at 70 �C to intercalate
Fe polycations into the interlayer space of Na+- montmorillonite. The
resulting particles were collected and excessive polycations on the
surface were washed out with D.I. water several times. The hybrids
were then dried and subsequently annealed at 450 �C in N2 atmosphere
to fully transform intercalated Fe polycations into embedded iron oxide
nanoparticles.
2.2.2. Aluminosilicate Nanoparticle�Clay Hybrid (ASCH) Particles.

We also prepared the hybrid particles in which aluminosilicate nano-
particleswere embedded into the interlayer space ofNa+�montmorillonite.
This is called Al2O3�SiO2 clay hybrid (ASCH) particles. Al polycations
solution was prepared by slowly mixing an aqueous solution of 0.2 M
AlCl3 3 6H2O and that of 0.2 M NaCl. A molar ratio of OH�/Al3+ in the
Al polycation solution was 2.28 The mixture solution was stirred
vigorously for 24 h at room temperature and mixed with Si(OC2H5)4
to prepare the aqueous hydroxy silico-aluminum polycation solutions in
which the molar ratio of Al/Si is 1. This hydroxy silico-aluminum
polycations were mixed with the Na+�montmorillonite to intercalate
prepared polycations into the interlayer space of Na+�montmorillonite.
After the intercalation process, the hybrid particles were washed, freeze-
dried, and thermally annealed at 400 �C in N2 atmosphere to fully
convert the polycations into the aluminosilica nanoparticles.
2.3. Characterization of Hybrid Particles. Low-angle X-ray

diffraction (XRD) measurement was performed to analyze the crystal
structure of the nanoparticle-montmorillonite hybrids (Cu�Kα radia-
tion, λ = 1.54 Å, Philips PW 1810 diffractometer). A change in d-spacing
of the montmorillonite matrix was measured to monitor the intercala-
tion of polycations and nanoparticles. Microstructure of the hybrid
particles was also investigated by scanning electron microscope (SEM,
JEOL-6610, Japan). In addition, to characterize the electrical layer on the
surface of the particles, the zeta potentials of the bentonite and the
hybrid particles in aqueous fluids were measured as a function of pH
(ZetaPALS, Brookhaven, USA).
2.4. Preparation of Aqueous Fluids. To examine the effect of

the hybrid particles on the rheological properties of clay-based fluids, we
prepared the aqueous clay fluids by dispersing bentonite and hybrid

particles in D.I. water. In aqueous fluids containing particle suspensions,
bentonite (Aldrich, USA) was selected as a main clay component. After
the solid particles were poured into D.I. water, the suspensions were
agitated for 30 min by a mechanical stirrer and subsequently sonicated
for 30 min by an ultrasonic horn. All processes were performed at room
temperature. Solid contents in four different fluids were (i) 5 wt %
bentonite (5B), (ii) 5 wt % bentonite and 0.5 wt % ASCH particles
(5B-0.5ASCH), (iii) 5 wt % bentonite and 5 wt % ASCH particle
(5B-5ASCH), and (iv) 5 wt % bentonite and 0.5 wt % ICH particles
(5B-0.5ICH). To control the net surface charge of the particles in the
fluids, we also adjusted the pH of the fluids by adding NH4OH or HCl
(J.T. Baker).
2.5. Characterization of Rheological Properties. Influence of

the hybrid particle additives on the rheological behavior was investigated
by a rheometer (MCR 301, Anton paar, Austria) installed with a high-
temperature, high-pressure (HTHP) cell. Measurements were per-
formed at temperature ranging from 25 to 200 �C and at pressure
between 1 and 100 bar. In the steady state measurement, the shear rate
was increased from 1 to 200 s�1. A step size was 4 s�1 and a duration
time at each step was 10 s. In order to explore viscoelastic property of the
fluids, a small amplitude oscillatory test was also carried out as the
amplitude of the oscillatory strain increased from 0.001% to 100% at a
fixed angular frequency, 10 rad/s. Prior to the oscillatory measurement,
the fluids were presheared at the shear rate of 50 s�1 for 300 s and aged
for 5 min.

3. RESULTS

3.1. Structure of ICH and ASCH Particles. Low angle XRD
patterns of as-grown hybrid particles are shown in Figure 1. The
interlayer spacing can be estimated from the basal spacing d(001)
of the samples, which is determined from (00l) reflections in
low-angle X-ray diffraction patterns. A change in the interlayer
space of the intercalated hybrids estimated by tracking the
position of (001) peaks provides strong evidence for intercala-
tion of polycations.29 Compared with pristine montmorillonite
(Figure 1a), both ICH (Figure 1b) and ASCH (Figure 1c)
particles show the shift of (001) peak to lower angle. The basal
distance of 0.96 nm in pristine montmorillonite, was increased to
1.94 nm in ICH and 2.05 nm in ASCH. This expansion of the
interlayer space indicates that Na+ ions in the montmorillonite
were successfully replaced with larger oxide nanoparticles in the
hybrid particles. XRD results show that the size of embedded
nanoparticles was about 2 nm after the intercalation process.
Figure 2 shows high angle XRD patterns of the pristine mon-
tmorillonite and the hybrid particles. Additional reflections that

Figure 1. Low-angle X-ray diffraction patterns of pristine Na+-
montmorillonite and hybrid particles; (a) pristine clay, (b) as-grown
ICH, and (c) as-grown ASCH particles.
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appeared in ICH, are indexed as the rhombohedral hematite
phase (α-Fe2O3). This attests to the formation of the oxide
nanoparticles within the interlayer space. In case of ASCH, no
crystalline phase appeared after ASCH particles were annealed at
400 �C. In general, it has been reported that Al2O3 possessed
high thermal stability, which initiated phase transformation from
amorphous to γ-Al2O3 at 500�600 �C, and some oxidematerials
such as SiO2, Cr2O3, and La2O3 inhibit phase transformation of
Al2O3.

30�34 Therefore, the amorphous nature of aluminosilicate
nanoparticles shows that Al and Si are uniformly mixed to form
the solid solution.

3.2. Microstructures of Clay Fluids Containing Hybrid
Particles. The effect of the hybrid additives on the formation
of the clay networks was examined by analyzing the microstruc-
ture of the solid suspension. To investigate the particle network
in the suspension, the fluids were quickly frozen by pouring liquid
nitrogen and the frozen solids were dried at�45 �C. This process
enabled us to preserve the particle network in the suspension.
Figure 3 shows scanning electron microscope (SEM) micro-
graphs of the freeze-dried solids. The fluid consisting of only
bentonite (Figure 3a) has an entangled ivy-like internal structure
with the irregular shape of interparticle pores. When 0.5 wt %
ASCH is added to 5 wt % bentonite suspension, the zigzag type
connection of the clay particles disappeared and the clay particles
were randomly stacked (Figure 3b). However, a very different
internal structure of the solid is found in freeze-dried 5B-0.5ICH
(Figure 3c). Individual platelike particles were cross-linked and a
relatively well-oriented pore structure was developed.
3.3. Effect of Clay Hybrid Particles on the Rheologial

Properties of Aqueous Clay Fluids. The flow behavior of any
system is illustrated in terms of the relationship between the
shear stress τ and the shear rate γ. The shear stress is stated
precisely as the tangential force applied per unit area, and the
shear rate is defined as the change of shear strain per unit time.
The ratio of shear stress to shear rate is defined as viscosity η. In
other words, η would be a measure of the resistance to flow of
fluid suspension. Correlations between shear force and shear
strain in fluids can be categorized as Newtonian, pseudoplastic,
Bingham plastic, Bingham, and dilatant behaviors. The New-
tonian which the shear stress is directly proportional to shear
rate, reveals constant viscosity, whereas viscosity of other types of
fluid behavior called non-Newtonian fluids could be varied with
shear rate. In this study, the correlation between shear stress and

Figure 3. SEM micrographs of freeze-dried solids of (a) 5B, (b) 5B-0.5ASCH, and (c) 5B-0.5ICH.

Figure 2. High-angle X-ray diffraction patterns of pristine Na+-mon-
tmorillonite and hybrid particles: (a) pristine clay, (b) 450 �C annealed
ICH, and (c) 400 �C annealed ASCH particles. (H: Hematite).
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shear rate is explained by using the Bingham plastic behavior. The
effect of the hybrid particles on the shear rate�viscosity correla-
tion in the aqueous fluids under atmospheric pressure is pre-
sented in Figure 4. When NH4OH or HCl was not added to the
fluid additionally, pH of the fluids was in the range of 8�8.5. In
comparison with the reference fluid (5B), the viscosity of 5B-
0.5ICH suspension increased almost by one order of the
magnitude. In contrast, the addition of 0.5 wt % ASCH into 5
wt % bentonite fluid decreased the viscosity of the fluid by about
50% as the shear rate increased from 20 to 200 1/s. The change in
the yield stress also attests to the opposite effect of ICH and
ASCH on the rheological properties. A yield point which is a
transition point to a plastic flow shows the binding strength of the
coagulated clay network structure in the fluid. The shear stress at
the yield point was obtained by extrapolating shear stress vs shear
strain curves as illustrated in Figure 5. The yield stress of 5B, 5B-
0.5ICH, and 5B-0.5ASCH was 1.27, 0.98, and 12.05 Pa, respec-
tively. The small amount of ICH additive significantly increased
the yield stress, but the decrease in the yield stress was observed
in 5B-0.5ASCH. High viscosity and yield stress of clay fluids are
mainly due to the electrostatic attraction between negatively
charged faces and positively charged edges of the platelike clay.35

Hence, the dramatic change in the viscosity and yield stress of the
fluids imply that the added hybrid particles modify the inter-
particle force in the clay suspension. As shown in Figure 3, the
hybrid particles can develop a stable and robust gel network in
the fluid. To scrutinize the interparticle interaction, the viscoe-
lastic behavior of the fluid was measured by a small amplitude
oscillatory test at a fixed angular frequency of 10 rad/s. Figure 6
shows the relation between storage modulus (G0) and strain (ε).
In the investigation of viscoelastic behavior of fluid systems, the

storage modulus (G0) and loss modulus (G00) represent elastic
and viscous response of a given fluid system.36 Storage modulus
is related to the internal motion of material and the linear
viscoelastic region that corresponds to a plateau in G0�ε curve,
represents the stability of fluid system.37 G0 of 5B-0.5ICH
showing a long linear viscoelastic region (LVR) was 5�6 times
larger than that of 5B in the range of strain from 0.1 to 100% . In
contrast, G0�ε curve of 5B-0.5ASCH did not show LVR and G0
continuously decreased with an increase in ε. Longer LVR in 5B-
0.5ICH suggests that the addition of ICH fortifies the coagulated
network structure and enhances the stability of the clay suspen-
sion. ASCH oppositely influenced on the rheological properties
of the clay suspension and turned the fluid to be more viscous.
This trend is also observed in the flow stress of the clay
suspension. Figure 7 presents the change in G0 and G00 plotted
in function of shear stress yielding from amplitude oscillatory test
shown in Figure 6. In this plot, a critical point at which the storage
modulus becomes equivalent to the loss modulus is called as a
flow point. The shear stress at the flow point is the other way to
determine themagnitude of external shear stress that is needed to
transform the fluid from the elastic state to the viscous state.37

Therefore, the strength of the interparticle interaction and the
particle network in the fluids can be evaluated by monitoring the
transition of the fluids from a solid-like elastic state to a liquid-like
viscous state.38 The flow stress increased from 1.44 Pa (5B fluid)
to 8.02 Pa (5B-0.5ICH fluid). However, the flow stress for 5B-
0.5ASCH was only 0.12 Pa, which is consistent with other
measurement results suggesting that ACSH prevents the coagu-
lation of the clay in the fluid and weakens the strength of the
network structure.
3.4. Change in the Viscosity of the Clay Fluids at High

Temperature and High Pressure. One of main applications
of fluids containing clay particles is to control the rheology of
water during the subterranean drilling. Therefore, there are
interests on the change in the viscosity at high temperature
and pressure, which is the condition of deep underground.
Hence, we performed high-temperature and -pressure studies.
In addition to the properties under atmospheric pressure at
25 �C, the viscosity of the clay suspensions was measured as a
function of temperature at the pressure of 100 bar. Temperature
dependence of the viscosity is shown in Figure 8. In pure
bentonite fluid (Figure 8c), the increase in the temperature
increased the viscosity and yield stress of the fluid, but the
difference is not significant below 100 �C. This has been
attributed to the fact that the change in the ionic activity at high
temperature promotes the flocculation of the clay particles.39,40

Figure 4. Viscosity vs shear rate curves of the fluid samples at 25 �C
under atmospheric pressure.

Figure 6. Storage modulus vs strain amplitude curves of the fluid
samples at fixed frequency (10 rad/s).

Figure 5. Schematic illustration of acquisition of yield point using the
tangent in the linear-elastic deformation.
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Briscoe et al. suggested that heating up the bentonite suspensions
increased the conductivity of the fluid system, which is attributed
to rise of Na+ concentration dissolved from the surface of
the particles. An increase in content of Na+ by the raise of
temperature leads to increase in yield stress and viscosity of clay
suspensions.4�6 As shown in panels a and b in Figure 8, the effect
of high pressure is not as pronounced as that of high temperature,
though the compression of the liquid media slightly increased the
viscosity and yield stress of 5B and 5B-0.5ASCH.39,41,42 The
viscosity of 5B-0.5ICH was affected dominantly by increase in
temperature. However, the addition of ASCH suppressed the
increase in the viscosity and yield stress at high temperature. To
confirm the role of ASCH additive, the amount of ASCH in the
clay fluid was increased from 0.5 to 5 wt %. When 5 wt % of
ASCH was added to 5 wt % bentonite fluid, the viscosity of the
fluid increased slightly than that of 5B-0.5ASCH fluid and
became independent of temperature. This suggests that addition
of ASCH prevents the continuous gel structure of the clay and
makes the clay particles well- dispersed even in the fluid of 200 �C
with high ionic concentration.

3.5. Effect of pH on the Rheological Properties of Clay
Fluids Containing Hybrid Particles. The change in the rheolo-
gical properties of the clay fluids implies that the hybrid additives
modify the coagulation behavior of the bentonite fluid. Given that
the electrostatic interactions between platelike clay particles could
bemainly affected by pH variation, we examined this hypothesis by
varying pH of the fluids. The viscosity and yield stress of the fluids
weremeasured as a function of pH,which is summarized in Figure 9
and Table 1. Compared with pure bentonite and ICH fluids, the
viscosity and yield stress of ASCH fluid strongly depended on the
pH of the fluid. Their viscosity and yield stress were larger at pH 5
than at pH 8 and 10 by more than one order of magnitude.

4. DISCUSSIONS

4.1. Evolution of Different Surface Charge on Hybrid
Additives. The association of the platelike clay in water is
attributed to the evolution of both positive and negative electric
charges on the surface of the clay in fluids. The surface charge
distribution of plate-likemontmorillonite (or bentonite) consists of
permanent negative charge at the face (charge-invariable) and pH-
dependent positive charge at the edge (charge-variable). On the
edge of platelets, the layers of octahedral Al�OH and tetrahedral
Si�OHgroups have broken links and dangling bonds at the end.43

The broken links are amphoteric sites, because variable charges are
conditionally developed at the edge. Concentrations of H+ orOH�

which depend on the pH of the aqueous fluids, determine the
polarity of the broken links. The evolution of the charge at the edge
of the platelets under different pH is expressed as follows

At low pH ð½Hþ� > ½OH��Þ : Al�OH þ Hþ f Al�OHþ
2

ðpositively charged edge surfaceÞ ð1Þ

At high pH ð½Hþ� < ½OH��Þ : Al�OH þ OH� f Al�O�

ðnegatively charged edge surfaceÞ ð2Þ

Si�OH þ OH� f Si�O�

ðnegatively charged edge surfaceÞ ð3Þ
A question of the interest is how the intercalation of the oxide
nanoparticles changes the charge distribution of the hybrid
particles. To inspect the variation of surface charge with respect
to pH, we investigated the zeta potential of bentonite, ICH, and
ASCH in 1mMKCl electrolyte as a function of pH. Zeta potential
can be utilized to estimate the effect of the particle charge on such
as aggregation, flow, sedimentation, and filtration behaviors and
also used to evaluate effect of various reagents on the properties of
the colloid suspension.44 Generally, colloidal particles with zeta
potential >30 mV or zeta potential < �30 mV are considered
stable. The results are shown in Figure 10. The zeta potential of the
platelet clay particles is a net surface charge, which is determined
by a difference between negative face charge and positive edge
charge.44 Al2O3�SiO2 clay hybrid particles became more nega-
tively charged in higher pH, which is in good agreement with
eqs 1�3. In comparison, the negative charge of iron oxide clay
hybrid particles exhibited marginal variation in a given pH range.
The zeta potential of ASCH particles showed a dramatic decrease
with an increase in pH and saturated at about�45 mV in pHg8.
This variation can be explained by the surface charge of
Al2O3�SiO2 nanoparticles embedded within the interlayer of
montmorillonite.45 The surface charge of Al2O3�SiO2

Figure 7. Change in storage (G0) and loss modulus (G00) of fluid
samples as a function of the shear stress; (a) 5B, (b) 5B-0.5ASCH, and
(c) 5B-0.5ICH suspensions.
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nanoparticles stays negative at pH >2. This negatively charged
surface of embedded Al2O3�SiO2 nanoparticles makes the
overall charge of ASCH particles to be more negative than that
of pure montmorillonite particle. When Fe2O3 nanoparticles
were intercalated, the surface charge of ICH particles became
much more positive than that of ASCH particles in whole range
of pH. This is attributed to the high isoelectric point (IEP) of
Fe2O3 nanoparticles. Because the surface of Fe2O3 nanoaprticles
is positively charged in water, the edge of ICH particles is positive
even at pH ∼8, where pure montmorillonite shows the negative
charge at the edge surface. These results suggest that the surface
charge of oxide nanoparticles intercalated within the interlayer of
the clay particles has an important effect on the net charge of the
hybrid particles through changing the charge at the edge surface.
4.2. Role of the Surface Charge of Hybrid Additives on the

Gel Structure of the Clay Fluids. Differences in the net sur-
face charge and pH dependence of the hybrid particles explain
the role of the hybrid particles as rheology controlling additives in
the aqueous bentonite fluids. The association of the clay platelets
in the fluids occurs through several modes: edge-to-face (E-F),
edge-to-edge (E-E), and face-to-face (F�F) flocculation.46 F�F

type association that brings about the precipitation of thick clay
flakes weakens the gel strength because of (i) the decreased
number of the clay particles that participate in constructing the
gel structure and (ii) the decreased surface area of aggregate that
is necessary for interplatelet interactions. In contrast, E�F and
E�E association of platelets promote the gel-like structure and
form the three-dimensional voluminous “house-of-card” struc-
ture within the fluid.35 A correlation between the zeta potential
and the viscosity in hybrid particle added bentonite fluids reveals
that more negatively charged edge surface of the hybrids lowers
the viscosity of the aqueous fluids. As shown in 5B-0.5ICH, the
development of the positive charge at the edge surfaces that is
manifested by the increase in the net surface charge, increases the
viscosity and yield stress of the fluid. The positively charged
edges of the hybrid additives produce attractive interactions
with the negatively charged face of the bentonite, leading to
the construction of the three-dimensional ‘house-of-card’ struc-
tures. However, more negatively charged edges of the hybrids
generate a repulsive force between hybrid and bentonite particles
and consequently prevent the coagulation and the network-
structure formation in the bentonite fluid. As illustrated in

Figure 8. Viscosity vs shear rate curves of (a) samples 5B, 5B-0.5ASCH, 5B-0.5ICH at 25 �C and atmospheric pressure; (b) samples 5B, 5B-0.5ASCH,
5B-0.5ICH at 25 �C and 100 bar; (c) sample 5B, at 20�200 �C and 100 bar; (d) sample 5B-0.5ASCH, at 20�200 �C and 100 bar; (e) sample
5B-5ASCH, at 20�200 �C and 100 bar; and (f) sample 5B-0.5ICH at 20�200 �C and 100 bar.
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Figure 11, this repulsive interparticle force between negatively
charged surfaces reduces both viscosity and yield stress, as shown
in 5B-0.5ASCH at pH 8 and 10. For ICH particles, the variation
of zeta potential at pH 5�10 was marginal and the stabilized
positive charge at the edge surfaces strengthens E-F association.
This explains the internal microstructure of 5B-0.5ICH showing
the well-developed porous network that is the origin of its high
viscosity and yield stress.

5. CONCLUSIONS

We synthesize two different types of the nanoparticle � clay
hybrid particles and investigate their effect on the rheological
properties of aqueous bentonite fluids. In 5B-0.5ICH fluid,
individual particles cross-link to develop a relatively well-oriented
porous structure. The formation of the rigid gel structure makes a
noticeable increase in the viscosity, yield stress, storage modulus,

Figure 10. Variation of zeta potential of bentonite, ASCH, and ICH
particles as a function of pH.

Figure 11. Schematic illustration of (a) particles association in 5B-
0.5ASCH and (b) “house-of-card” structure in 5B-0.5ICH fluid.

Figure 9. Viscosity vs shear rate curves of the fluid samples with respect to change of pH: (a) 5B, (b) 5B-0.5ASCH, (c) 5B-5ASCH, and (d) 5B-0.5ICH
suspensions.

Table 1. Variation of Yield Stress of the Prepared Fluid
Samples with Respect to Change of pH

yield stress (Pa)

fluids samples pH5 pH8 pH10

5B 1.52 1.27 1.20

5B-0.5ASCH 2.91 0.98 0.91

5B-5ASCH 67.51 7.69 4.32

5B-0.5ICH 11.07 12.05 10.58
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and flow stress of the fluids. The strengthening of the gel struc-
ture by the addition of ICH particles results from the develop-
ment of net positively charged edge surfaces in ICH. The role of
ASCH particles on the clay platelets association in the bentonite
fluids is sensitive to the change in pH. At high pH, the addition of
ASCH into the bentonite suspension gives rise to the collapse of
the pre-existing clay network and prevents the E�F type as-
sociation of the platelets, leading to the decrease in the viscosity,
yield stress, storage modulus, and flow stress. As pH of the
fluid containing ASCH additives decreases, the clay in the sus-
pension become flocculated and the rheological properties of the
ASCH added fluid get close to those of the ICH added fluids. A
correlation between the net surface charge of the hybrid additives
and the rheological properties of the fluids indicates that the
embedded nanoparticles within the interlayer space control the
variable charge of the edge surfaces of the platelets and determine
the association modes of the clay constituents in the fluids.
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